Our previous studies showed that anti-citrate synthase (anti-CS) immunoglobulin (Ig)M natural autoantibodies are present in healthy individuals without previous antigen stimulation, but no studies have investigated their presence in the pericardial fluid (PF). Therefore, we detected the natural anti-CS IgG/M autoantibody levels in plasma and PF of cardiac surgery patients and investigated their relationship with cardiovascular disease-associated bacterial pathogens. PF and blood samples of 22 coronary artery bypass graft (CABG) and 10 aortic valve replacement (AVR) patients were tested for total Ig levels, natural autoantibodies and infection-related antibodies using enzyme-linked immunosorbent assay (ELISA) and Luminex methods. The B cell subsets were measured by flow cytometry. The total Ig subclass levels were four to eight times lower in PF than in plasma, but the natural anti-CS IgM autoantibodies showed a relative increase in PF. The frequency of CD19 1 B lymphocytes was significantly lower in PF than in blood (P 5 0Á01), with a significant relative increase of B1 cells (P 5 0Á005). Mycoplasma pneumoniae antibody-positive patients had significantly higher anti-CS IgM levels. In CABG patients we found a correlation between anti-CS IgG levels and M. pneumoniae, Chlamydia pneumoniae and Borrelia burgdorferi antibody titres. Our results provide the first evidence that natural autoantibodies are present in the PF, and they show a significant correlation with certain anti-bacterial antibody titres in a disease-specific manner.
Introduction
There is increasing evidence that the immune system plays an important role in the development of cardiovascular diseases, especially in atherosclerosis, one of the main underlying features of cardiovascular failure [1] [2] [3] [4] . However, little is known about the immunological milieu of the pericardial fluid produced by the serous membranes surrounding the heart [2, 5] . Extravascular serous fluids (i.e. peritoneal, pleural and pericardial) contain cellular and humoral components of the immune system to protect the organ from microbial invasion. The peritoneal and pleural cavities and the associated serous fluids have been investigated thoroughly regarding their biochemical and immunological composition [5] [6] [7] . It is not surprising that the pericardial fluid is not so well studied, because of the invasive nature of obtaining pericardial fluid during open-heart surgery [8, 9] . Thus, our goal was to study the presence of antibodies of the natural and adaptive immune systems and the corresponding B cell subsets in the pericardial fluid (PF) of patients with cardiovascular diseases undergoing cardiac surgery.
The PF lubricates the surface of the heart, and its cellular and molecular immune components may function to: (i) protect the heart and pericardium from microbial agents and (ii) facilitate of the elimination of cell and tissue debris to ensure tissue homeostasis [10, 11] . Recently numerous studies have supported the role of the natural immune system, including natural autoantibodies, in the above functions as key players in the first line of defence against infections and clearance of apoptotic cells. Natural autoantibodies are present in the circulation of humans and other mammalian species without previous exposure to antigens [12, 13] , and are produced by B1 cells [14] [15] [16] without somatic hypermutation; most of them are of IgM isotype. Natural autoantibodies of immunoglobulin (Ig)G isotype have also been described [17, 18] , which typically bind multiple self-and non-self-antigens. These autoantibodies are often directed against highly conserved molecules and bind various ligands with relatively low affinity, and therefore they are called 'polyreactive'. Evidence from rodents deficient in natural antibody production suggests that natural autoantibodies serve homeostatic and housekeeping functions and natural IgM autoantibodies serve as scavengers of damaged molecules and cells [10] , and therefore have been implicated in the control of inflammation and autoimmune diseases [19, 20] . Natural antibodies may also serve as innate-like recognition receptors, recognizing various bacterial cell wall components or parasites [21, 22] . Antibodies produced by the adaptive immune system are generally derived from T-dependent B lymphocytes, in response to exposure to microbes or vaccination. It has been shown previously that T cells are the dominant lymphocytes in the PF [23] but less is known about the B1 and B2 cell composition of PF, which may reflect on the source of natural and infection-related antibodies found in the PF space.
Here we investigated whether IgM and IgG natural autoantibodies are present in the PF of patients with different cardiovascular diseases undergoing open-heart surgery. Based on previous studies, including those from our laboratory, it is known that citrate synthase (CS), a highly conserved mitochondrial inner membrane enzyme, is an autoantigen recognized by the natural immune system [24] [25] [26] [27] . Heart muscle cells contain the highest number of mitochondria in body tissues, and mitochondrial enzymes can become released in different cardiovascular diseases. For this reason, we chose to investigate anti-CS natural autoantibodies in patients with cardiovascular diseases and the levels of infection-related antibodies with a potential role in the development of atherosclerosis, including Chlamydia pneumoniae, Mycoplasma pneumoniae, Borrelia burgdorferi, Helicobacter pylori and Yersinia enterocolitica [28] [29] [30] [31] [32] [33] . We compared the plasma/PF ratios of anti-CS IgG and IgM antibodies and correlated their levels with total and anti-bacterial IgG/IgM antibody titres in patients with aortic valve replacement (AVR) and coronary artery bypass graft (CABG) with or without previous myocardial infarction (MI). We also investigated the frequencies of B1 and B2 cells to gain insight into the source of natural antibody production in PF. Our data provide evidence that natural autoantibodies and anti-bacterial antibodies are present in the PF, and their correlation may suggest their importance in the development of cardiovascular diseases.
Materials and methods

Patients
Thirty-two patients who were admitted to University of P ecs Heart Institute for elective open-heart surgery (due to coronary or aortic valve disease) during a 1-year period were selected for our study. Patients with known autoimmune disease and patients who underwent combined open-heart surgery and patients whose samples could not be used due to technical issues were excluded from the study. The average age of patients was 58Á8 6 7Á5 years, and the female : male ratio was 8 : 24. The patients were divided into three groups: aortic valve replacement group (AVR, n 5 10), coronary artery bypass grafting patients (CABG) with previous myocardial infarction (CABG with MI, n 5 10) and those who underwent CABG but had no previous myocardial infarction (CABG no MI, n 5 12). The diagnosis of myocardial infarction was based on coronary angiography and echocardiography findings. Prior to surgery, all patients underwent physical examination and search for inflammatory foci, including urological, gynaecological, dental and ear, nose and throat examinations, together with chest X-ray and abdominal ultrasound scans. The laboratory parameters the day before surgery were within the normal range [C-reactive protein (CRP); white blood cells count (WBC); erythrocyte sedimentation rate (ESR) were included]. The study was approved by the Regional Review Board (RIGEB 3415/2009). Patients gave written informed consent to all procedures.
Pericardial fluid and peripheral blood samples PF and blood samples were drawn simultaneously during elective open-heart surgery. At least 3 ml of PF was drained using a syringe connected to a Vacutainer tube. At the same time, peripheral blood samples were taken in sterile, heparinized tubes (BD Vacutainer CPT TM Cell Preparation Tube; Becton Dickinson, Franklin Lakes, NJ, USA). The samples were processed within 60 min by separating the cells by centrifugation and the plasma and PF samples were aliquoted promptly and stored subsequently at 2808C until analysis. Measurement of anti-CS antibodies by enzyme-linked immunosorbent assay (ELISA). Ninety-six-well polystyrene plates (Nunc, Roskilde, Denmark) were coated with 5 mg/ ml citrate synthase (CS) from porcine heart (Sigma, St Louis, MO, USA) in 0Á1 M bicarbonate buffer, pH 9Á6 at 48C overnight. Following the saturation of non-specific binding sites with 0Á5% gelatin (Sigma) in phosphatebuffered saline (PBS) (pH 7Á3), plasma samples were incubated in duplicate at 1 : 100 dilution and PF samples at 1 : 10 dilution in washing buffer (PBS, 0Á05% Tween 20) for 1 h at room temperature. Finally, the plate was incubated with horseradish peroxidase (HRP)-conjugated anti-human IgG-or IgM-specific secondary antibody (Dako, Glostrup, Denmark) for 1 h at room temperature. The reaction was developed with o-phenylenediamine (Sigma) and measured using an iEMS MF microphotometer (Thermo Labsystems, Waltham, MA, USA) at 492 nm. Cut-off values were calculated from the average of measured optical density (OD) 492 nm data. All measurements were standardized using a monoclonal anticitrate synthase antibody (clone 4H3-E5) produced previously [34] . 
Immunological and serological analysis
Statistical analysis
Statistical evaluation was performed using SPSS version 20.0 statistics package (IBM, Armonk, NY, USA). Spearman's correlation analysis and Mann-Whitney U-tests were used as appropriate. P-values < 0Á05 were considered significant.
Results
Relative excess of anti-CS IgM natural autoantibodies in the pericardial fluid CS has been characterized as an autoantigen recognized by the natural immune system in humans. We have documented previously that anti-CS IgM natural antibodies are continuously present in plasma of healthy controls and that anti-CS IgG levels increase in patients with autoimmune diseases and heart transplantation [25, 26, 35] ; however, no data have been published regarding the anti-CS antibodies in PF. The anti-CS IgM and IgG natural autoantibodies were measured by an in-house ELISA developed and validated in our laboratory. We detected anti-CS IgM and IgG antibodies both in the plasma and PF of patients undergoing cardiac surgery. The anti-CS IgG level was approximately 11-fold higher in plasma than in PF (P < 0Á001) (Fig. 1b) , whereas anti-CS IgM concentration was only approximately twofold lower in the PF than in the plasma (P < 0Á001) (Fig. 1a) . This reflects a relative excess of anti-CS IgM autoantibodies in the PF of cardiac surgery patients. Similar differences in the levels of anti-CS IgG and IgM autoantibodies were detected in the different disease groups (Table 1) .
We also tested the correlation of anti-CS IgM and IgG levels between plasma and PF in individual patients. A statistically significant correlation of anti-CS IgM antibody concentrations (P < 0Á001) (Fig. 2a) and a strong correlation in the case of anti-CS IgG levels (P < 0Á001) (Fig. 2b) was found between the plasma and PF (r 2 5 0.880 and r 2 5 0.997, respectively). We wanted to compare the anti-CS IgG/IgM levels to the total immunoglobulin subclass levels in plasma and PF. We found that the concentrations of all the investigated immunoglobulin isotypes were significantly lower in PF than in plasma (Table 2 ), but the plasma/PF ratios were different. IgM, IgG2 and IgG3 were eight times higher in plasma than in PF, while the PF levels of IgA, IgG1 and IgG4 were 6Á0-, 5Á3-and 4Á2-fold lower than in plasma. The average IgG subclass levels in PF was 6Á2 times lower than in (Table 2) , which reflects a lower total IgM than total IgG class levels in PF.
B1 cell frequencies are higher in pericardial fluid
In order to gain insight into the different Ig classproducing cells in PF we investigated and compared the ratio of B cell subgroups in blood and PF. The percentage of CD19
1 B cells was significantly lower in PF than in blood (P < 0Á001). Analysing the B cell subsets, we found lower frequencies of both B1 and B2 B cells in PF compared to the blood (P < 0Á001 and P < 0Á002, respectively) ( Fig.  3 ), but the proportion of B1 cells in the CD19 1 B cell population was significantly higher in the PF than in the blood of cardiac surgery patients (n 5 32) (Table 3) , which might be the source of natural anti-CS IgM autoantibody production in the PF.
Anti-CS natural autoantibody levels correlate with anti-bacterial antibody titres in coronary artery bypass graft patients
Several infections are described to have a potential role in the development of atherosclerosis, therefore we tested the plasma and PF samples for antibodies (IgG/IgA/IgM) against five different cardiovascular disease associated bacteria, such as M. pneumoniae, Y. enterocolitica, C. pneumoniae, H. pylori and B. burgdorferi. All patients were positive for at least one anti-bacterial antibody (IgG and/or IgA) in the plasma, while in the PF we found fewer positive samples, although their corresponding plasma sample was positive. The highest proportion of positivity for anti-bacterial antibodies in the plasma was against M. pneumoniae (74Á2%) and H. pylori (74Á2%), whereas in the PF it was against H. pylori (37Á0%), M. pneumoniae (14.8%) and Chlamydia pneumoniae (14Á8%). No IgM positivity could Fig. 1 . Anti-citrate synthase (anti-CS) natural autoantibody levels in the plasma and pericardial fluid (PF) of cardiac surgery patients. The proportion of anti-CS immunoglobulin (Ig)M (a) antibody levels were only twofold higher (P < 0Á001), while anti-CS IgG (b) antibody levels were 11-fold higher in the plasma than in the pericardial fluid (P < 0Á001). Boxes show interquartile ranges (IQR), whiskers indicate lowest and highest values, horizontal lines represent medians, dots indicate outliers of 1.5 3 interquartile range (IQR). The antibody levels were measured using enzyme-linked immunosorbent assay (ELISA). OD 5 optical density; plasma, peripheral blood plasma; n 5 32 patients. be detected either in plasma or PF, which indicates the absence of an early infection. We tested whether there was a relationship between anti-CS IgM or IgG autoantibody levels and the presence of anti-bacterial antibody positivity for any of the five different bacterial strains, and we found significantly elevated anti-CS IgM levels in the plasma (P 5 0Á031) and an increased tendency in the PF (P 5 0Á076) of patients with positive M. pneumoniae (MP) antibodies (Fig. 4) .
We also tested the correlation of anti-CS IgG and IgM antibody levels with anti-bacterial antibody titres both in the plasma and PF of patients belonging to different disease groups. In CABG patients without previous MI there was a significant correlation between anti-CS IgG levels and M. pneumoniae antibody titres, while in CABG patients with previous MI C. pneumoniae and B. burgdorferi antibodies correlated significantly with anti-CS IgG levels. In patients with AVR, anti-CS IgG did not show a correlation with any of these anti-bacterial antibody levels. No clear-cut correlations were observed between anti-CS IgM and the antibacterial antibody titres investigated (Table 4) .
Discussion
The goal of this study was to determine whether natural autoantibodies to mitochondrial citrate synthase enzyme (CS) and antibodies to certain bacteria related to atherosclerosis are present in the plasma and PF of cardiac surgery patients, and to determine the relationship of these antibodies to each other and to the total immunoglobulin class levels in plasma and PF. Our study has revealed that anti-CS natural autoantibodies and anti-bacterial antibodies are present not only in the plasma, but also in the PF. We also wanted to examine the frequencies of B1 and B2 B lymphocytes in PF and compare them to the percentages found in blood to gain insight into the source of natural autoantibodies in PF.
First, we determined the total immunoglobulin (IgA, IgM and IgG1-4) subclass concentrations in PF and plasma of cardiac surgery patients, and found that in PF their level is four-to eightfold lower than that in plasma. In contrast, when we compared the anti-CS natural antibody levels, the anti-CS IgM was only twofold lower, whereas the anti-CS IgG levels were 10-fold lower in PF than in plasma in all study groups. The increased level of anti-CS IgM may be due to the presence of increased frequencies of B1 cells in the PF. Although the total CD19 1 B cell ratio is significantly lower in PF compared to blood, the proportion of B1 cells in the CD19 1 B cell population was significantly higher in the PF than in the blood of cardiac surgery patients, which suggests that B1 cells are the probable source of IgM natural autoantibodies [23, 36] . The tissue- Fig. 2 . Correlation between the plasma and pericardial fluid (PF) levels of anti-citrate synthase (anti-CS) natural autoantibodies. Significant correlations were detected in the levels of anti-CS immunoglobulin (Ig)M in the plasma versus PF (P < 0Á001) (a), as well as in the anti-CS IgG levels in plasma versus PF (P < 0Á001) (b). specific signals in different tissue compartments may affect the functionally heterogeneous B1 cells differentially [37] , but their shared function might be to ensure a prompt and effective local defence. Natural antibodies may exert distinct effector functions according to their specificity and respective isotypes [2] . Our data suggest that the pericardial space containing the PF is protected by the natural immune system, which may play a crucial role in tissue homeostasis by elimination of cellular and molecular debris that needs to be cleared in order to prevent the accumulation of apoptotic material [10] to control inflammation and autoimmune mechanisms [17, 19, 20] . Another key and overarching function of natural antibodies is to serve as a bridge between the innate and adaptive immune systems [22] by pathogen neutralization, complement activation and antigen recruitment to secondary lymphoid organs, and for immune regulation and homeostasis [16, 22] . Our data may support the notion that anti-CS natural autoantibodies, similarly to other polyreactive natural antibodies, may serve as scavengers of dead or dying cells and microbial antigens both in plasma and in the PF [38, 39] . It is probable that CS is not the only molecular constituent cleared by such mechanisms, but there could be a plethora of other self-and pathogenrelated molecules recognized by the natural autoantibodies destined for subsequent clearance to prevent their 'toxicity' to cardiomyocytes [11, 17] . In mouse models of atherosclerosis, natural IgM antibodies produced by serosal B1 cells have been shown to protect from atherosclerosis, whereas antibodies produced by B2 cells promote atherosclerosis [40] . Clinical data obtained from patients with systemic lupus erythematosus also support the notion that natural IgM autoantibodies may inhibit carotid atherogenesis [41] .
The strong correlation of anti-CS IgG in plasma versus PF may suggest that these antibodies may not be produced exclusively in the PF, but they could be transported from the plasma or lymphatic fluid into the pericardial space. A receptor-mediated transcytosis of immunoglobulins [42] may underlie the transport of anti-CS and other IgG antibodies into the PF. In addition to transcytosis, some antibodies may be synthesized locally in the pericardial space. Our data showing the relative increase of anti-CS IgM antibody in the PF is consistent with the notion that B1 cells produce anti-CS IgM (but not anti-CS IgG) locally in the pericardial space.
Using immunoserological methods we measured M. pneumoniae-, Y. enterocolitica-, C. pneumoniae-, H. pyloriand B. burgdorferi-specific antibodies in PF and plasma because data have been published on the possible involvement of these microbes in the development of cardiovascular diseases [31] . Of note, all patients were positive for antibodies to at least one bacterial species; however, some patients were negative for some of these antibodies in the PF. This may suggest that the levels of anti-bacterial antibodies in the plasma may be generally higher than in the PF (the PF is more sequestered from the immune system than blood), resulting in antibody levels below the limit of detection in the PF. Interestingly, M. pneumoniae has been found in atherosclerotic plaques and in normal arteries and veins of patients [31] , and this bacterium was also shown to be present in the PF of atherosclerotic patients [43] . H. pylori has also been found in human atherosclerotic plaques, and a significant association of antibodies to this pathogen has been found in patients with coronary Aortic valve replacement group (AVR, n 5 10), coronary artery bypass grafting patients (CABG) with previous myocardial infarction (CABG with MI, n 5 10), and those who underwent CABG but had no previous myocardial infarction (CABG no MI, n 5 12). PF 5 pericardial fluid.
arteriosclerosis when compared to control subjects [43] . C. pneumoniae has been detected in atherosclerotic plaques by quantitative polymerase chain reaction (qPCR) [44] , and viable C. pneumoniae organisms were isolated from plaques [31] . Our current data on the high frequency of antimicrobial antibodies in the plasma and PF of patients undergoing heart surgery (atherosclerosis-related coronary heart disease) are consistent with the potential pathogenic role of the above-mentioned bacteria in these diseases.
Our data suggest an inter-relationship between natural and anti-bacterial antibodies. We found that all patients whose plasma and/or PF were positive for antibodies to M. pneumoniae had significantly higher levels of anti-CS IgM, both in their plasma and PF. Investigating the different disease groups, in CABG patients without previous MI we found a significant correlation between anti-CS IgG levels and M. pneumoniae antibody titres, while in CABG patients with previous MI, C. pneumoniae and B. burgdorferi antibody concentrations showed correlation with anti-CS IgG levels. No such correlation with any of these anti-bacterial antibody levels was observed in patients with AVR. Of note M. pneumoniae, as an intracellular microbe and an obligate parasite, requires the essential metabolites from the host cells. This bacterium can cause cell death and inflammation in the respiratory system [45, 46] , resulting in the release of CS molecules from damaged cells, which then could lead to increased production of anti-CS antibodies by the immune system. Interestingly, during its evolution M. pneumoniae has lost many of its genes, including citrate synthase [47] ; therefore, it is not the bacterial CS that causes the elevation of the natural anti-CS IgM and IgG autoantibody levels. M. pneumoniae infection can have extrapulmonary manifestations, including infection of the pericardium [40] , which may result in increased levels of anti-CS antibodies in the plasma and PF. Our results provide evidence that the pericardial fluid (PF) of cardiac surgery patients contains functionally heterogeneous anti-CS IgM and IgG natural autoantibodies. The correlation of elevated anti-CS IgM levels with the M. pneumoniae infection was independent from the disease groups. This may reflect its general protective role as a natural autoantibody, independent of the presence or absence of atherosclerosis. In contrast, anti-CS IgG level showed a strong correlation with higher levels of atherosclerosis-related anti-bacterial antibodies only in patients with coronary artery disease, which reflects its potential protective role in these infections. These data suggest that the PF is being 'surveyed' by the humoral components of the natural and adaptive immune systems in strong co-operation to protect the pericardial space from accumulation of toxic molecules and various pathogenic microbes. Further studies will be needed to investigate the network of natural and antibacterial autoantibodies and their role in the pathogenesis of cardiovascular diseases.
